Background: Leptospira spp. infect humans and a wide range of domestic and wild animals, but certain species such as small rodents and red foxes (Vulpes vulpes) play a particular role as reservoirs and transmission of leptospirosis as they easily adapt to many habitats including human environments. To investigate the significance of red foxes in the epidemiology of leptospirosis in Poland, a seroprevalence survey was conducted. During the 2014-2015 hunting season, blood samples of 2134 red foxes originating from the central-eastern part of Poland were collected. Serum samples were tested by a microscopic agglutination test for the presence of specific antibodies to Leptospira serovars Icterohaemorrhagiae, Grippotyphosa, Sejroe, Tarassovi, Pomona, Canicola, Hardjo, Ballum, Australis, Bataviae, Saxkoebing and Poi.
Background
Leptospirosis caused by pathogenic spirochetes of the genus Leptospira is an important but sometimes neglected infection that affects people and animals worldwide. Leptospirosis is a re-emerging major public health problem in many countries and is one of the most widespread zoonoses. It is an excellent example validating the "One Health" approach, where the relationship between humans, animals and ecosystems needs to be considered in order to better understand and manage a disease [1] . Some serovars of Leptospira can chronically infect domestic and wild animals and in particular small rodents. In addition to rodents, other wild animal species such as the red fox (Vulpes vulpes) may act as a reservoir [2] . The bacteria are occasionally transmitted through direct contact with mammal hosts, but the majority are usually transmitted via contact with contaminated soil and water [3] , where leptospires' survival outside the host is favoured by warm moist conditions [4] . The red fox lives throughout Europe, mainly inhabiting forests, meadows, coastal dunes and urbanized areas [5] . The Polish hunting statistics for 2015 indicate that the population of red foxes in Poland is 190,000-200,000 individuals, with a tendency to remain stable [6] . Red foxes prey upon small rodents, among other animals and the red fox may transmit leptospirosis to humans. A recent study indicate that small mammals might be an important source of human leptospirosis as both rodents and
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Methods

Sample collection and study area
Blood samples from red foxes (n = 2134) were collected during the 2014-2015 hunting seasons in Poland. Blood was taken from the thoracic cavity or heart of animals culled primarily through the rabies monitoring program. Sex and geographic location were recorded and age was determined by the degree of dentine surface wear and tooth eruption (juveniles: < 1 year; mature > 1 year) ( Table 1 ). The samples originated from 134 counties of nine provinces of Poland and were mainly collected from the central and eastern (49-55°N, 17-23°E) parts of the country (Fig. 1 ). Blood samples were centrifuged at 4500 g for 30 min and serum stored at − 20 °C until analysis.
Microscopic agglutination test
Serum samples were tested by a microscopic agglutination test (MAT) using a range of 12 Leptospira serovars representative of 10 serogroups found in Europe: Icterohaemorrhagiae (RGA strain, representing the Icterohaemorrhagiae serogroup), Grippotyphosa (Moskva V strain, Grippotyphosa serogroup), Sejroe (M84 strain, Sejroe serogroup), Tarassovi (Perepelicyn strain, Tarassovi serogroup), Pomona (Pomona strain, Pomona serogroup), Canicola (Hond Utrecht IV strain, Canicola serogroup), Hardjo (Hardjoprajitno strain, Sejroe serogroup), Ballum (MUS127 strain, Ballum serogroup), Australis (Ballico strain, Australis serogroup), Bataviae (Swart strain, Bataviae serogroup), Saxkoebing (MUS 24 strain, Sejroe serogroup) and Poi (Poi strain, Javanica serogroup) [8, 9] . The selection of the serovars used was based on their common identification in previous European studies [10] [11] [12] [13] reporting Leptospira spp. in wild carnivores.
Each serovar was grown in 10 mL of EllinghausenMcCullough-Johnson-Harris (EMJH) medium, at 30 ± 1 °C for at least 4 but no more than 8 days depending on the serovar. The concentration of bacteria was adjusted to 1-2 × 10 8 cells/mL using a Helber counting chamber. The sera were initially diluted 1:50 and screened for antibodies to the 12 serovars. A volume of each antigen equal to the diluted serum volume was added to each well with a final serum dilution of 1:100 in the screening test. The final concentration of antigen after mixing with the diluted serum was 1-2 × 10 4 cells/ mL. The plates were incubated at 30 ± 1 °C for 2-4 h and subsequently examined by dark-field microscopy. The titre was defined as the highest dilution where ≥ 50% of the antigen suspension added to the tested serum was agglutinated. When agglutination was observed, the relevant sera were end-point tested using twofold dilutions ranging from 1:100 to 1:25,600.
The quality control of the MAT was performed by using certified reference Leptospira strains and anti-Leptospira rabbit antisera ( 
Statistical analysis
Statistical analysis was used to study the impact of the season, sex, age, region and population density of foxes on Leptospira seroprevalence. It was based on logistic regression models to describe the influence of several variables X 1 , X 2 , …, X n on the dichotomous variable Y:
where β i is the regression coefficient for i = 0, …, n, χ i are independent variables (measurable or qualitative) for i = 1, 2, …, n.
The maximum likelihood method was used to estimate the model's coefficients. The Wald test was used to evaluate the significance of individual variables. Evaluation of model fit to data was performed using the likelihood ratio (LR) test.
Five predictors (4 qualitative and 1 quantitative) were included in the modelling:
• sampling season (spring: March-May, summer:
June-August, autumn: September-November, or winter: December-Feburary); • sex (male, female);
• age (young, adult); The dependent variable was the qualitative result of the study. Analysis was performed for results without distinguishing between serovars (Leptospira spp.: positive/ negative) and for each serovar separately. The selection of variables for modelling was based on analytical stepping methods (step-wise). For qualitative variables, 0-1 coding for k − 1 variables was used ( Table 2 ).
The following classes of variables were reference classes in models: 'summer' for sampling season, 'female' for sex, 'young' for age and 'SL' for province. Parameters of significant and best fit logistic regression models obtained for each analysis are shown in Table 3 . The accepted 
Results
Antibodies against a Leptospira serovar was found in 561 serum samples (26.3%). The highest seroprevalence was observed in foxes hunted in the Subcarpathia (41.6%) and Warmia-Masuria provinces (40.3%) ( Table 1 , Fig. 1 ). Specific antibodies were mainly directed against Poi (12.4%), Saxkoebing (11.3%), and Sejroe (6.0%) serovars with serum antibody titres up to 1:25,600 in individual animals (Table 4) . When analysing the logistic regression model of positive and negative serostatus (excluding data related to individual Leptospira serovars), a significant influence of the area (province) and associated density of foxes on the serostatus was found. The model showed that all provinces had significantly greater odds for having seropositive foxes than the reference SL province, in which the lowest percentage of seropositive foxes was observed. The highest odds ratio (OR = 5.87) with the highest seroprevalence was shown for the PK province. In addition, with an increase of fox density by one animal per km 2 , the probability of detecting seropositive animals increased more than threefold and it almost doubled in winter when compared to summer. However due to data deficiencies e.g. sampling date, seasonal influence on the obtained serological results was analysed using a separate logistic regression model.
Based on analyses for individual serovars, an increase of fox density by one animal per km 2 increased the risk of being seropositive by 2.8, 10.6, 17.2 and 18.4 times for the serovars Poi, Grippotyphosa, Australis and Icterohaemorrhagiae, respectively. The models also show a significant influence of the province on the proportion of seropositive samples. A significantly higher risk of being seropositive to Sejroe serovar was observed in the LD LD Łódzkie, MP Leser Poland, MA Masovia, OP Opolskie, PK Subcarpathia, PM Pomerania, SW Świętokrzyskie, WM Warmia-Masuria (OR = 3.1), MA (OR = 2.4), PK (OR = 3.4), PM (OR = 2.9) and WM (OR = 2.4) provinces compared to the SL province. When compared to the reference SL province, antibodies to the Saxkoebing and Poi serovars were more prevalent in foxes from all provinces except SW (OR from 2.0 to 7.0), and MP province (OR from 9.4 to 39.1) respectively. An impact of the season on the seroprevalence to particular serovars was observed. Antibodies against serovars Saxkoebing and Poi were ~ 2 and 4 times more frequent, respectively, during the winter period than during summer. The age of the foxes influenced the serostatus for some serovars such as Icterohaemorrhagiae that was detected more frequently in young foxes (OR = 3.3) and Poi found more often in adults (OR = 1.5) ( Table 3) . Using a one-factor model the association between influence of sex on serostatus was not significant (LR-test P = 0.0525, OR = 1.44, 95% CI 0.99-2.09).
Discussion
Other serological surveys have shown that red foxes are frequently exposed to Leptospira spp. of different serovars [10, 11, 13] . However this is the first prevalence study on the occurrence of antibodies to a broad range of Leptospira serovars in a red fox population in eastern Europe. The high seroprevalence (26.3%) in red foxes in Poland is comparable to that found in Spain (47.1%) [10] and Croatia (31.3%) [13] but higher than in other European countries such as Germany (1.9%) [14] and Norway (9.9%) [11] . Hypothetically any pathogenic Leptospira may infect domestic and wild animals, but in practice only a small number of serovars are endemic in any particular region.
Antibodies against serovar Poi were the most commonly detected. Exposure of foxes to this serovar is not surprising given the results of previous Polish studies where serogroup Javanica (to which serovar Poi belongs) was also reported in horses, goats, and sheep [15] [16] [17] . Besides serovar Poi, antibodies against serovar Sejroe were also prevalent in foxes. This is consistent with other studies as serovars Hardjo, Sejroe and Saxkoebing (all belonging to the Sejroe serogroup) are widely prevalent in animals in Europe [18] [19] [20] [21] . MAT reactions to serovar Hardjo commonly detected in sheep and cattle [18-20, 22, 23] were not common in foxes. The presence of seropositive animals to this serogroup could be mainly attributed to Sejroe or Saxkoebing serovars (Table 4) . It may be associated with fox diet as the main source of food for red foxes are wild small mammals, which are known reservoirs of Saxkoebing and Sejroe serovars [24] . Antibodies to Sejroe serogroup were previously detected in pigs, dogs, horses and cattle in Poland confirming a widespread exposure of different animal species to leptospires from this serogroup [15, [25] [26] [27] [28] . In addition, this indicates an endemic occurrence of this serovar and a possible role of the environment in pathogen transmission. The observed regional differences in exposure to different Leptospira serovars may be related to active circulation of Leptospira spp. in the environment [12] .
Studies conducted in other European countries provide scientific evidences that the most common serovar among red foxes is serovar Icterohaemorrhagiae [10, 11, 13] , which however seems to be rare in the Polish red fox population ( Table 4) . As leptospires are sensitive to desiccation, the regional differences in climate conditions may have a significant influence on seroprevalence in general or for some serovars in particular. In that aspect, Poland differs from other countries such as Spain and Croatia where the seroprevalence of Leptospira spp. in foxes has been investigated [10, 13] . Although the studies were conducted on a reasonable number of hunted animals originating from different locations across the country, the number of tested serum samples of red foxes did not fully reflect the size of the animal population present in the studied provinces. It could be taken as a major limitation to interpretation of the occurrence and prevalence of tested Leptospira serovars in the Polish population of red foxes. Nevertheless, the findings still provide useful data on the seroepidemiology of red foxes exposed to different Leptospira serovars in this part of Europe and their role as an important source of zoonotic Leptospira spp. for humans.
Conclusions
Red foxes of central and eastern Poland, particularly in the Subcarpathia and Warmia-Masuria regions, are highly exposed to Leptospira spp. Due to the high prevalence of foxes, their predatory behaviour and their varied diet mainly composed of small mammals, they could be considered as sentinel animals of environmental contamination with leptospires. Interactions between animals require further epidemiological investigations to elucidate the role of wild carnivores as a reservoir of rarely occurring Leptospira serovars pathogenic for other animals and humans.
